Coal-Seq III is a 3-year public-private consortium primarily sponsored by the U.S. Department of Energy (DOE) and performed by Advanced Resources International (ARI) in partnership with Southern Illinois University (SIU), Oklahoma State University (OSU), and Higgs-Palmer Technologies. The consortium has a primary objective to advance scientifically-based simulation capabilities for CO 2 storage in coalbed methane and gas shale reservoirs in the presence of multicomponent gases and other fluids in order to improve how current simulation tools model the effects of high pressure CO 2 on the integrity and swelling/shrinkage of the coal matrix and its permeability as well as proper algorithms for the adsorptive capability of wet coals.
To accomplish this goal, coal samples from various U.S. basins are being used in the laboratory to study the potential existence of a change in mechanical properties for the coal (weakening/failure) under high-pressure CO 2 injection and depletion. Laboratory experiments also include the investigation of coal shrinkage (during production) and swelling (during injection) under field replicated conditions. In addition; new improved adsorption models are being developed to realistically simulate sequestration in wet coal and gas shale reservoirs. Based on the laboratory and theoretical results, three new geochemical and geo-mechanical modules will be developed. Finally, the feasibility of storing CO 2 in shale reservoirs will be studied using actual datasets, leveraging the basic science work developed by this effort.
To do so, the Coal-Seq III Consortium work will calibrate the accuracy of these modules with data from large-scale field studies, such as the DOE sponsored CO 2 injection demonstration within the San Juan basin's Fruitland coal, and incorporate these modules into an advanced, coupled simulation model. The end result will be improved tools that are informed by Coal-Seq laboratory efforts and that have been tuned with field injection data. This paper will describe the efforts to date in meeting these research objectives.
Introduction
The Coal-Seq III consortium, a major U.S. government-industry collaboration effort, is managed by Advanced Resources International, Inc. It involves Oklahoma State University, Southern Illinois University and Higgs-Palmer Technologies. A series of industrial partners, including BG Group, BP America, the Illinois Clean Coal Institute, the New York State Energy Research and Development Authority and Sasol, participate in and provide financial support to the consortium.
In 2000, this project was initially launched as a U.S. DOE sponsored investigation into CO 2 sequestration in deep, unminable coal seams. While the primary focus of this project was to understand the efficacy of storing CO 2 in deep, unminable coals through a detailed review of the field efforts at the Tiffany and Allison enhanced coalbed methane (ECBM) field pilots in the San Juan basin, the project accomplished a number of important objectives, including creating a field "best practices" manual based on the experience gained from those pilots, understanding the applicability of commonly used isotherm models when applied to multi-component gaseous systems and assessing the CO 2 sequestration and concomitant ECBM recovery potential of coal basins in the U.S. Complete reports on these and many other efforts are readily available for the interested reader [1] . To address serious limitations uncovered in our knowledge of reservoir behavior when CO 2 is injected into coal, the project was extended into Phase II in 2005 as a government-industry collaborative consortium.
Phase II of the project (2005) (2006) (2007) (2008) was jointly funded by the U.S. DOE and an international consortium of energy companies, service companies and research organizations. While the detailed results from the consortium are proprietary (although to be fully released in 2013), selected accomplishments from this phase included an improved multi-component isotherm model to estimate sorption capacity for coalbed gases based solely on readily accessible coal characterization parameters, identification of a more appropriate multi-component counter-diffusion model, measurement of excess stress in coal when CO 2 is injected and identification of significant coal mechanical weakening when exposed to CO 2 , and a comparative study of geo-mechanical and permeability models for CBM operations [2] .
The objectives of the Coal-Seq III consortium are to develop and field test three advanced geochemical and geomechanical modules that would appreciably increase the accuracy of simulating the behavior of geologically sequestered CO 2 in coal and shale reservoirs. These new simulation modules would enable users to couple key physical and chemical processes (e.g., coal failure and permeability enhancement, effects of matrix swelling and shrinkage on permeability changes, competition of water as an absorbed phase) resulting from the injection of high-pressured CO 2 . This would lead to more accurate modeling of the effects of these coupled processes during the transport and storage of CO 2 in coal and shale reservoirs. This paper describes the results and accomplishments achieved to date in the project and some of the future activities being considered.
Phase III Technical Objectives
This project is developing robust mathematical models to accurately predict how coal permeability and injectivity change with CO 2 injection that correctly account for multi-component (CH 4 -CO 2 -N 2 -H 2 O) matrix shrinkage/swelling, coal-weakening, competitive adsorption, bi-direction diffusion, and system PVT behavior. To achieve these project goals, the tactical objectives are to:
 Perform CO 2 core-flood experiments in the laboratory with coal samples to observe and measure any changes in coal mechanical properties ("weakening") in the presence of high pressure CO 2 .  Investigate coal shrinkage during production and coal swelling during CO 2 injection through laboratory core flood experiments. These tests would be conducted at in-situ pressures and stresses.
 Develop improved algorithms and adsorption models to facilitate realistic simulation of CO 2 sequestration in wet coal seams and shale gas reservoirs, including an improved equation of state model [3, 4, 5] .  Set forth new quantitative formulations accounting for the above three physical and chemical processes [6] . Incorporate these formulations within simulations codes and modules to deliver an advanced and benchmarked model that rigorously accounts for coal permeability changes during CO 2 injection and storage, validating the theoretical and experimental results with large-scale field projects and data sets.  Explore the feasibility of storing CO 2 in gas shale reservoirs, using advanced shale completion techniques (horizontal wells and multi-stage, massive hydraulic fracture stimulations). A detailed modeling effort will be undertaken to explore the feasibility of this concept, using "real-world" datasets.  Using these newly generated simulation modules, assess the CO 2 
Results

Changes in Coal and Shale Properties with Exposure to CO 2
There is evidence that exposure to CO 2 results in changes in the mechanical properties of coal. This may be due to softening/plasticization of coal [6] or microfracturing due to swelling of coal, resulting in uneven stresses [7] . At three of the four pilots, where CO 2 was injected in deep coals, after an initial period of reduced injectivity, the CO 2 injectivity improved with continuous injection. To further define this mechanical phenomenon, Coal-Seq III is working towards addressing these two questions:
1. How much does coal weaken when flooded with CO 2 during ECBM and CO 2 storage? 2. To what extent does coal weakening increase reservoir permeability and CO 2 injectivity for different types of coal?
Experimental Design
According to Griffith's failure criterion (Griffith, 1921) , the tensile strength required to form a new, small-scale fracture is proportional to the surface energy. According to Gibbs adsorption theory (Gibbs, 1921), the surface energy of an adsorbing material decreases with increased adsorption. Combining these two well established scientific theories, the adsorption of CO 2 on coal should result in weakening of the coal. To determine if and to what extent the mechanical properties of coal change when exposed to CO 2 , non-destructive testing (NDT) must be used where properties of coal are estimated while methane within coal is being replaced with injected CO 2 . To provide nondestructive testing, we used an ultrasonic technique to measure changes in coal properties with displacement of methane in coal by CO 2 . The ultrasonic velocities through the coal sample, first saturated with methane and then with increasing concentrations of CO 2 , provide a measure of the changes in four key mechanical parameters; namely Poison's ratio, shear modulus, Young's modulus and bulk modulus. During testing, horizontal and vertical stresses were maintained uniaxially in the sample cell while monitoring horizontal and vertical stresses, upstream and downstream pressures, temperature, strain and measuring sonic velocities.
Results
For the experiment, a San Juan Basin Fruitland coal sample was first flooded in a step-wise fashion with helium to a maximum pressure of 1,000 psig, measuring the ultrasonic primary (p) and secondary (s) velocities at each step, following equilibrium. Figure 1 depicts the wave velocities for the helium filled sample. There is a slight increase in wave velocity with decreasing pressure due to a modest increase in the density of the sample under helium injection. Converting the results to moduli, Figure 2 mimics the declining wave velocity behavior. However, it is notable that the Poisson's Ration (not shown) remains unchanged at a value of 0.36 throughout the experiment. Since Young's modulus and Poisson's ratio remain effectively unchanged throughout the experiment, the strength of the sample is not affected by helium depletion.
The experiment was continued by first displacing the helium with methane, at a pressure of 1,000 psig, and then recording the wave velocities during equilibrated depletion to 600 psig. Figure 3 depicts the calculated Moduli. At this point, the sample was flushed with CO 2 and equilibrated at step-wise partial pressure values to ascertain whether the coal was weakening in the presence of CO 2 . After reaching 600 psig, partial pressure, the sample pressure was increased to 800 psig for a final data point. Figures 4 and 5 depict the sample moduli and Poisson's ratio plotted against CO 2 partial pressure. While these results reveal a decreasing Young's modulus and increasing Poisson's ratio, indicating the coal is softening, the overall change in these parameters is not significant and suggests it is unlikely the coal strength was affected by the presence of CO 2 .
A second experiment was conducted using a core sample taken from the New Albany Shale (approximate depth of 1,528 m, 5.5% total organic carbon, 0.44% moisture). However, due to the low permeability of the sample, no significant helium flow was detected at the outlet after 15 days of injection. In order to replicate natural gas production operations the shale sample was artificially fractured (Figure 6 ) to encourage fluid flow. As with the coal sample, there was no discernible variation in moduli or Poisson's ratio during helium and methane depressuring. During CO 2 injection, Figure 7 , there is a slight increase in Young's modulus and slight decrease in Poisson's ratio, indicating slight stiffening of the shale with increasing pore pressure. However, the overall change in these parameters further suggests that the shale strength is essentially unaffected by the CO 2 .
Cleat and Matrix Swelling/Shrinkage Compressibility under Field Replicated Conditions
Successfully modeling changes in permeability with CBM production and CO 2 injection requires knowledge about the effects of CO 2 on two reservoir simulation input parameters, pore volume compressibility (Cp) and matrix shrinkage and swelling (Cm). Developing rigorous datasets on these values is complex since there are multiple mechanisms in play influencing changes in permeability. The permeability work is aimed at establishing dynamic changes in the values of Cp and Cm for coal, under field replicated conditions of CO 2 injection and storage. Coal core was obtained from the San Juan Basin and was placed under triaxial testing.
Experimental Design
In order to estimate Cp, the grain compressibility (Cg) and bulk compressibility (Cb) must first be estimated. To estimate Cg, the end pieces of the core were split into four parts. Strain gauges were affixed to each sample in the three orthogonal directions. Then each sample was placed in a high pressure vessel and dosed with helium in steps of increasing pressure. Strains were monitored continuously and recorded for each pressure step to provide grain compressibility (Cg).
Then, the coal core was stressed vertically and horizontally, at in-situ temperature. The sample was saturated with helium, at in-situ pressure. The pressure was decreased in steps, maintaining uniaxial strain condition, not allowing the sample to shrink. The resulting vertical strain was measured at equilibrium for each pressure step and the volumetric strain was calculated to derive bulk compressibility (Cb).
With Cg and Cb determined, and a representative porosity (Φ) value for the sample known, Cp was estimated using the following equation:
( 1 )
After the last helium pressure step, the experiment is continued by saturating the sample with methane at in-situ pressure, and monitoring the induced strain in both vertical and horizontal directions. The pore pressure is then lowered in steps under uniaxial strain condition. At the end of this phase of the experiment, the combined strain resulting from cleat closure due to the reduction in pore pressure, as well as the opening of cleats due to matrix shrinkage will become known. By excluding the effects of Cp (established above) the matrix shrinkage component of Cm will be estimated.
Results
Laboratory testing of a San
Juan basin Fruitland coal sample has been conducted employing helium for later determination of a baseline estimate of the bulk compressibility of the coal sample, under constrained conditions. To complete the experiment, the sample was flushed and saturated during the methane and CO 2 cycles. While the final analysis of the laboratory data still continues, flow rate measurements taken during the CO 2 injection, revealed a decline in permeability by a factor of 20 between 100 and 850 psig (Figure 8) . While results for the coal sample are forthcoming, the overall lack of injection rates for a fractured New Albany shale sample resulted in test abandonment.
Modeling of CO 2 Injection under In-Situ Conditions
The presence of water can significantly reduce the gas adsorption capacity of coals [8, 9] . However, the quantitative effects of water are not well understood nor properly accounted for in current CO 2 adsorption models for coals. In general, water is treated in a simplified fashion as having a constant, pacifying effect on the coal surface. Work in Coal-Seq II showed that the adsorption behavior of water on carbon is fundamentally different from that of simple, non-polar fluids like nitrogen, methane and organic vapors. Moreover, at sufficiently high densities (or pressures) enough water molecules are present to form three-dimensional clusters [10, 11] . Thus, water adsorption does not occur by the formation of one or more layers, as hypothesized for non-polar molecules, but occurs primarily through hydrogen bonding and cluster formation in pore space.
Further, a rigorous CO 2 adsorption model for coals also requires an accurate equation of state (EOS) model to predict the density of wet CBM gases at reservoir conditions. Currently, no established method exists for calculating the density of wet gases at these conditions. For this effort, we set out to establish improved adsorption mechanisms for methane, nitrogen and CO 2 on well-characterized wet Argonne coals.
The goal of our two step research work is to develop an improved simulation module that properly replicates CO 2 adsorption sequestration behavior in wet coals:
1. Develop a robust algorithm to describe the adsorption behavior of CO 2 in coal with rigorous accounting for water as a separate adsorbed component. 2. Develop an EOS model capable of predicting the density of pure components and mixtures involving the wet CBM gases CH 4 , CO 2 , and N 2 at typical reservoir conditions.
Results
Following a system-wide calibration of the adsorption apparatus, the inclusion of both a gas chromatograph and vibrating u-tube density meter were incorporated to greatly improve the accuracy of mixed gas (CH 4 , N 2 , CO 2 ) identification and density determination (within 0.0001 g/cc to 2,000 psia). Numerous adsorption isotherm measurements were undertaken for wet coals and the New Albany shale sample (studied earlier, as well) for inclusion in the EOS determination data set.
For analysis of the apparatus for use with shale samples, due to lower absorptive capacity, several key modifications were made to reduce the uncertainty in the measurements. These included decreasing the void space in the equilibrium cell and using a larger quantity of sample for the measurements. Figure 9 depicts the improved CO 2 adsorption data for the sample, showing an uncertainty reduction of 75% over earlier experiments. For comparison, Figure 10 shows the improvements on the same sample for methane.
With the setup in place, measurements continue to be made employing wet coal samples. These measurements will allow the investigation of the effect that moisture in coals has on gas-phase CO 2 densities and the corresponding effect on adsorption isotherm data reduction. Ultimately, this will help delineate the effects of moisture in coals on gas adsorption behavior and capacity.
When employing mixtures of coalbed gases in the laboratory, the ability to accurately describe their properties is essential in predicting liquid densities and thus the adsorption capacity of the organic material (coal, shale). Thus, the use of an improved EOS will thereby reduce the uncertainty in the adsorption isotherm for a pure gas or gas mixture, particularly around the CO 2 critical point.
Initially, the Peng-Robinson EOS was employed to make density predictions for a set of binary mixtures, CO 2 /water, methane/water and nitrogen/water. The results indicated that the average absolute percent deviation (%ADD) of the phase density measurements were about 14%, 4% and 2%, respectively, from measured values.
In order to improve these estimates, volume translation was incorporated into the density prediction model [12] . The volume-translated Peng-Robinson (VTPR) EOS was extended to describe the generalized saturated liquid densities of 65 pure fluids, with a %AAD of 1.1%. By employing a direct optimization of the VTPR, the %AAD was reduced to 0.67%. Table 1 depicts the comparison of the Peng-Robinson (PR) EOS and other published models with that of the OSU-VTPR EOS model various combinations of up to 65 fluids in terms of the %AAD in saturated density. For pure CO 2 , the model also excelled in predicting the phase diagram, Figure 11 .
While experimental work continues with the adsorption apparatus and EOS testing, a theoretical coal swelling model is currently being tested that can adequately calculate the swelling behavior of coal and shale samples. While too premature to present in this work, it will bring together the capability of predicting EOS behavior and adsorption isotherm, reflecting the swelling of the organic material in the possible presence of wet coal and shale reservoirs.
Conclusions and Status
While Phase III of Coal-Seq moves towards its conclusion in early 2013, many of the achieved results, thus far, have continued to advance our understanding of the efficacy of storing CO 2 in organic reservoirs. Some of the key findings show that:
 The introduction of CO 2 does not appear to weaken coal or shale when injected as both Young's modulus and Poisson's ratio remain nearly unchanged. As such, the upper limit of injection pressure appears to be hydraulic parting (failure) of the rock sample.  While there does not appear to be weakening during injection of CO 2 , anecdotal laboratory observations have shown that depletion of 100% CO 2 -saturated coal samples appears to fail at low pressures (<200 psig). However, this is not the case for helium and methane saturated samples. While this has been observed and not quantified in the laboratory, it suggests that there may be some in-situ CO 2 saturation between 0% and 100% that will result in failure of the coal sample during depletion operations, thereby changing the permeability/porosity profile and possibly the containment structure of the reservoir rock. This geomechanical effect is currently being studied [13] .  The determination of how the matrix swelling and shrinkage coefficients change with pressure and gas continues to move forward.  The OSU-VTPR EOS has proven itself to be very robust, with %ADD lower than 2%.
This has shown to be a marked improvement over the generalized EOS in the literature and will enable improved estimation of adsorption isotherms for mixed gas systems in wet coal and shale reservoirs.  In addition to the above, efforts in many other aspects of this project continue to move forward. In addition to estimating the geomechanical effects of the depletion in organic reservoirs, the project continues to complete the remaining Technical Objectives outlined above.
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